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ABSTRACT 
An analytical and experimental analysis of the Kohr Mog Bridge, 
at Port Sudan is presented herein. 
Several finite element models were used to simulate the behavior 
of the structure.  The floor system restraint and the participation of 
the ties and rail to the bending of stringers and floor beams were 
among the variables. 
The results of the analytical studies were compared with test 
data in order to determine the applicable model.  This permitted all 
members in the bridge structure to be examined.  The analytical model 
was then used to develop the stress history that the structure had 
experienced as a result of the various pieces of rolling stock that 
had crossed the bridge.  The resulting predicted stress history was 
used to assess the possible fatigue damage by comparing the results 
with test data on riveted connections. 
This study indicated that if the riveted connections were good 
with tight rivets, no significant damage would have developed as a 
result of the passage of trains.  If the rivets provided reduced 
levels of clamping, some fatigue damage was predicted to have devel- 
oped.  Nonetheless, no appreciable indication of such damage would 
become apparent until well into the next century. 
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1.  INTRODUCTION 
1.1  History and Description of the Bridge 
The bridge examined in this report is part of the Sudan Railway 
System which was designed at the beginning of the century.  This sys- 
tem consists of a main north-to-south line, 925 km in length, extend- 
ing from Wadi Haifa to Khartoum North, while an important branch line, 
472 km in length, stretches across the country from Atbara Junction to 
the Red Sea, providing a connection to Port Sudan.  A 
second branch extends from the main line at Abu Hamed to Karima for a 
distance of 251 km and provides the province Dongola with direct com- 
munication with the Red Sea and Egypt. 
The Khor Mog Bridge, at Port Sudan, is located on the branch 
which connects Atbara to the Red Sea, at km 781.688 from Khartoum. 
The bridge carries a single track 106.84 cm gauge railway and con- 
sists of nine simple 32.004 m truss spans of the earliest design of 
the Sudan Railways.  The structures are half-through truss girder 
spans. 
The steelwork was designed and fabricated by Sir William Arrol 
and Company, Ltd., and the bridge was erected by the Sudan Railways in 
1904/5.  During the period 1935-1937, the 32.004 m spans were 
strengthened to carry higher loads by welding a 381 x 12.7 mm plate to 
the top chord over the central 19.6586 m of each span. 
In 1960, after a British consulting engineering firm was re- 
tained to evaluate the bridge, bracing members were added which 
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connected the floor beams to the stringers.  These members were bolted 
to the bottom of the floor system. 
A general view of the bridge is given in Fig. 1.1, while the plan 
and the elevation are shown in Fig. 1.2.  The cross-section of the 
bridge is given in Fig. 1.3, while Fig. 1.4 shows the stringers, ties 
and rails. 
All members, except the bracing members and diagonals are 
built-up members.  The floor beams, stringers, and hangers consist of 
four angles riveted to web plates (see Fig. 1.5A).  The bottom chords 
were built up by two webs and a flange plate to form two channel 
sections (Fig. 1.5B).  Figure 1.5C shows the top chord section, which 
consists of four angles riveted to two webs and to the upper flange 
plate.  The figure also shows the welding reinforcement plates.  The 
diagonals are two plates with no connection between them.  All sec- 
tion properties are given in Table 1. 
The size of all rivets was 22.225 mm.  A value of 25.4 mm was 
therefore used to compute the net area of each member. 
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2.  FIELD TEST OF THE BRIDGES 
2.1 Purpose of Testing 
In 1980 it was decided to carry out a general study on the Sudan 
Railroad system in order to assess the conditions of the bridges and 
evaluate any fatigue damage. 
Fritz Engineering Laboratory was requested to carry out the study. 
Five bridges were tested under the supervision of H. T. Sutherland in 
January and February 1981 to provide the experimental basis of the 
analysis.  The structures examined were located at Atbara, Port Sudan, 
over the Blue Nile at Khartoum, El Butana and over the White Nile at 
Kosti. 
The half-through truss girder span examined in this report is 
used in several other bridges in Sudan.  There are almost one hundred 
such spans throughout the Sudan Railway System that are comparable to 
the span which was tested at Port Sudan. 
2.2 Test Setup 
On January 24, 1981 the third span from Port Sudan of the Kohr 
Mog Bridge was instrumented with electrical resistance strain gages. 
These were placed at sixteen different locations on the structure. 
The locations of gages on top and bottom chord are shown in Fig. 
2.1. Figure 2.2 shows the gages on the floor beam and diagonal U„L„, 
while Fig. 2.3 shows the gage on the rail. 
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In Fig. 2.2A it can be seen the plate of connection between the 
hanger and the floor beam and the tapering of the floor beam at the 
floor beam-to-hanger connection. 
The surfaces were prepared by grinding them smooth, and the gages 
were then attached to the surface with epoxy cement and covered with a 
rubber strip of protective tape.  The gage was then connected to 
cables which hung from the bridge to the river bed, where the instru- 
mentation was located (Figure 2.4) - Table 2 shows the correspondence 
between the channels of the amplifier, the cables and the location s 
on the bridges. 
The sixteen strain gages were connected to a recording oscillo- 
graph with amplifiers which transmitted the signal to the analog 
trace recorder.  The records were then collected on UV sensitive 
paper.  Figure 2.5 shows typical time response conditions recorded on 
the UV paper. 
2.3  Test Procedure 
Field testing was carried out on February 2, 1981.  A train of 
known weight crossed the bridge eleven times in the northbound and 
southbound direction.  Two of these runs were at 45 kph, while all 
the others were made at 15 kph.  Data are given in Table 3.  Dis- 
placements and strains under static load, with the center of gravity 
of the train at midspan, were also taken.  The train which made the 
several test runs, consisted of two diesel locomotives, each weighing 
986.38 N.   Both units were GE engine class 1819.  The dimensions of 
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each locomotive, their axle spacings and the axle loads are given in 
Fig. 2.6. 
After the eleven runs with the test train were recorded, the 
passage of a coach train was recorded in order to assist in evalu- 
ating the strain history experienced by the bridge. 
2.4  Gage Locations 
The location of all sixteen gages on the elevation and plan of 
the bridge is shown in Fig. 2.7.  One gage was placed on the top chord 
at midspan 254 mm from the splice.  Six gages were placed on bottom 
chord members L L„, ~LA,,,   L.L .  Two gages were placed on each bottom 
chord member:  one on the top of the lower flange plate, and another 
on the bottom of the plate.  One gage was placed on the bottom flange 
angles of the stringer at the center of panel L-,L,  and one on the 
top flange angles 355.6 mm from the floor beam at panel L„.  The floor 
beam at panel point L„ was gaged at its midspan and at the connection 
to the hanger.  Diagonals U L and U„L„ were gaged at midlength.  One 
gage was installed on a rail and one on hanger U L„ right above the 
plate connecting the hanger to the floor beam. 
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3.  SUMMARY OF TEST RESULTS 
3.1 Introduction 
Since no digital values for strain were obtained, the only pos- 
sible method of data evaluation was manual measurement of the analog 
trace.  Some typical traces are shown in Figs. 2.5 and 3.1.  By com- 
parison of a trace of this type with a standard calibration record, 
the stress change for each train or axle passage at a given detail 
can be evaluated. 
In order to count the stress cycles, a method had to be chosen. 
In the United States most stress cycles have been counted using the 
(35) 
peak to peak method of cycle counting    .  In recent years, several 
other methods have been examined including the peak count, the mean- 
crossing peak count, the range count, the level crossing count and the 
rainflow count methods.  The rainflow method was selected for this 
investigation.  For a more detailed discussion on the difference 
between the aforementioned procedures, see Woodward and Fisher's 
,. (35) reports 
3.2 Stress Cycle Counting by Rainflow Method 
The rainflow method can be easily understood using the analogy of 
rain running down a series of pagoda roofs.  The general rules for 
counting are: 
1.  Rainflow begins at the beginning of the test and successively 
at the inside of every peak. 
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2. Flow initiating at a maximum drips down until it comes 
opposite a maximum more positive than the one from which 
it started.  It does similarly when it starts at a minimum. 
3. Rain also stops when it meets rain from the roof above. 
4. The beginning of the sequence is a minimum if the initial 
straining is in tension. 
5. The horizontal length of each rainflow is counted as a 
half cycle at that strain range. 
In Fig. 3.2 rain initiates at a, flows to b, drips to b', flows 
to d and finally stops opposite e, because e is more negative than a. 
Rain initiating at e stops at b' where it meets rain dripping from b. 
Rain initiating at d flows to e and stops at the end of the record, 
and flow initiating at e flows to f and stops at the end of the 
record. 
3.3  Data Reduction 
All the data from the analog traces were then manually reduced 
using the procedure previously outlined.  The results of the strain 
gage reduction are given in Table 4.  A statistical average from the 
nine runs at 15 kph was used for the subsequent computations. 
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The difference in the stress range when the train was headed in 
the northbound or southbound direction was negligible, only an inver- 
sion in the sequence of different stress ranges was observed. 
The bottom and top chord only experienced one significant cycle 
at each train pasage, as can be seen in Fig. 2.5, while the diagonals, 
the floor beams, the stringers and the hanger experienced four stress 
cycles at each test train passage.  The coach train caused two signifi- 
cant stress cycles for each car.  These cycles corresponded to each 
set of axles of the locomotives and cars making up the train.  The 
gage located on the rail experienced a cycle corresponding to each 
axle passage.  As shown in Fig. 2.6, there are two sets of three axles 
for the diesel engines. 
It will be shown, in the chapter of evaluating fatigue damage 
how many cycles and of which magnitudes are caused by different trains 
at the critical locations. 
3.4  Impact Considerations 
Moving vehicles crossing a bridge structure result in a dynamic 
response as a result of the interaction between the vehicle and the 
bridge.  The resulting dynamic increment is called the impact factor 
and is attributed to three main reasons: 
1. Speed effect 
2. Roll effect:  spring borne weight of the locomotive 
oscillating about longitudinal axis. 
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3.  Track and hammer blow effect:  wheel and track irregu- 
larities and unbalanced forces in the locomotive. 
The specifications generally use an increment based on experi- 
ence, theory and measurements.  It is used as an upper bound to the 
likely dynamic response.  This is not always true for all members, 
but most specifications use some function of velocity. 
During the past two decades, considerable experimental and 
theoretical research on highway bridge vibration has been made.  A 
general method of analysis regarding such vibration produced by a 
(32) 
single moving vehicle has been formulated by Velestos and Huang 
So far as an analytical solution of railway bridge vibrations is con- 
cerned, no realistic model has been developed for a railway train 
moving on a bridge.  Chu, et al.  '   have developed a lumped mass 
model of a railway train bridge in which they consider only the verti- 
cal degree of freedom of each train joint.  In their analysis the 
vehicle system is idealized as a three degree of freedom model con- 
sisting of the car body and wheel axle sets.  This model allowed 
Chu, et al. to analyze the fatigue life of the critical member of a 
seven panel railway truss bridge, by taking into account the impact 
(33) factor and the effect of different speeds    .  In Ref. 34 Chu et al. 
consider the. bridge impacts resulting from flat wheels and track 
irregularities. 
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The use of such a model requires a knowledge of the spring and 
dashpot constants of the locomotive and cars, and therefore, the 
integration of the equations of motion of the bridge: 
[M] [X] + [C] [X] + [K] [Z] = [F (x,t)] (3.1) 
in which [F (x,t)] takes into account the external loads and the 
interaction between the moving vehicles and the bridge. 
The use of such a procedure is beyond the scope of this report. 
It was decided to rely on the experimental data in order to evaluate 
any impact factor. 
All that can be concluded from the test runs is that for all 
of the components measured, no major change was observed between 
dynamic response at 15 kph and 45 kph, i.e.:  no significant impact 
was observed. 
Several field tests on similar one track railway 
, .,   (11,28,29,30)  , , . . •  -, bridges             show that the measured impact on critical mem- 
bers:  hangers, stringers and floor beams, varied from a maximum of 
11% in the Frazer, Ottawa and Rainy Bridges to 26% in the Assinbone 
Bridge. 
In our analysis, based on the test results, no impact was con- 
sidered.  If faster locomotives cross the Khor Mog Bridge, it is 
recommended that a more realistic assessment of impact be made at 
different speeds in order to better assess the dynamic changes that 
are likely to develop in the various bridge components. 
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3.5  Stresses Measured at Different Locations 
Based on the small variation in response of the ten runs at 
15 kpm, that velocity will be assumed to a static load.  The 15 kph 
test data was used to determine the maximum static stresses on the 
structure. 
The R.M.S. values of live load stress for the ten runs at sixteen 
different locations are given in Table 5.  The most highly stressed 
members are: 
The floor beam with 49.36 MPa 
Th e diagonal U.L^ with 42.34 MPa 
The top chord U.U. with 36.48 MPa 4 4 
The stringer with 39.99 MPa, and 
The diagonal U2L  33.37 MPa 
All the other members experienced less than 27.58 llPa.  The members 
which are of major concern for the fatigue life estimation are the 
floor beams, the stringers, and the diagonals. 
The fact that the stress measured in hanger U,L was only 
14.62 MPa can be explained by considering the behavior of a pony truss 
The bending in the hanger is not significant, since the end connected 
to the top chord is free to move in the out-of-plane direction.  In 
addition, diagonals framed into all hangers except at panel point L.. . 
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4.  MATHEMATICAL MODEL 
4.1  Analytical Models 
Several stress analyses were made using five different analytical 
models of the 105 ft (32.004 m) half-through truss girder span.  The 
stress analyses were performed using the SAP IV program (SAP IV is a 
finite element program which can perform static and dynamic analysis 
of linear systems). 
The five analytical models were: 
(1) a plane single truss model assuming all joints pinned, 
(2) a plane frame model assuming all joints .rigid, 
(3) a three-dimensional model, which considered the plane 
frame, floor beams, stringers and lateral bracing.  It 
was assumed that the frame joints, floor beam to truss 
connection, and stringer-to-floor beam connections were 
continuous (rigid).  Four different sub-models were also 
examined.  In these models several of the joints were 
released to simulate flexible joints in order to provide 
lower bound restraint condition and evaluate its influence 
on the stress resultants. 
(4) a three-dimensional model which differed from the previous 
one by taking into account the composite action of the 
stringers and rail system.  Figure 1.4 shows the physical 
and analytical model used to simulate the participation of 
the rail in the bending of the stringers. 
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(5)  a three-dimensional model which simulates the actual floor system. 
In this model the rail was assumed to behave as a composite beam 
with the stringer (same as in model 4) , in addition all the ties 
and timber beams were taken into account. Hence the floor system 
behaved as an orthotropic deck. 
The loading conditions included concentrated loads at lower 
chord panel joints for model 1 and 2 , and concentrated loads and moments 
acting on the stringer to floor beam connection for models 3, 4 
and 5.  No out of plane loading due to wind or nosing was considered 
in this analysis since the probability of occurrence of such a loading 
condition is very rare and doesn't affect the fatigue life of the 
bridge.  The structure and the loading were therefore assumed symmetric, 
Reduction of nodal points due to symmetry consideration was taken into 
account only for model 5 since the largest model between 1, 2, 3, and 
4 (935 D.O.F., 209 bandwidth and 16 load cases) only required 137 
system seconds to solve on the CYBER 720 at the Lehigh University 
Computing Center. 
The five models and relevant loading conditions are described 
in more detail in the following sections: 
(1)  PLANE SIMPLE TRUSS MODEL 
This is the usual model used for the linear elastic analysis of 
a truss bridge span.  It provides an upper bound to overall forces 
and displacements in the truss.  Figure 4.1 shows the 105 ft. 
(32.004 m) half through span member and node numbering scheme used 
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in the stress analysis by SAP IV computer program. All joints were 
assumed pin connected. The loading condition consisted of a single 
vertical unit concentrated load at nodes 3, 5, 7, 9, 11, 13, 15, 17. 
The gross area for all members was considered in this analysis 
as well and in the other models. No reduction of the cross section 
due to corrosion was observed in the field. 
(2) PLANE FRAME MODEL 
The plane frame model was identical to the plane truss model 
shown in Fig. 4.1. All  joints were assumed rigidly connected.  As a 
result of this assumption, moments can develop at the ends of the 
frame members.  Due to the very low inertia in the plane of the 
bridge, all diagonal members behaved as truss members. 
The loading conditions were the same used in the plane truss 
model.  Neither models 1 or 2 provided stresses in the floor system. 
A separate analysis was required. 
(3) THREE DIMENSIONAL MODEL 
This model was developed to closely simulate the actual behavior 
of the 105 ft. (32.004 m) bridge span.  It also took into account 
the floor system participation.  Beam elements were used for all 
members except for the bottom bracings.  The bracing members' section 
properties were negligible compared to the stringers and floor beams. 
As can be seen in Figure 1.3a, floor beam to hanger connection 
consist of a triangular plate riveted to the hanger and to the floor 
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beam by two angles.  These plates were also taken into account in the 
three-dimensional model.  Two plate bending elements were used for 
this purpose as shown in Figure 1.3b.  Figure 4.2b shows the finite 
element mesh used in this analysis, while Figure 4.2a shows the 
three-dimensional model without connection plates between the 
hangers and floor beams. 
The model shown in Figure 4.2a consisted of 55 nodes, whereas the 
model shown in Figure 4.2b consisted of 172 nodes.  Six degrees of 
freedom were allowed at all the nodes which were not supports. 
Since beam members were used in this analysis and they were 
assumed to be unidimensional elements in the "Saint-Venant ideali- 
zation", it was necessary to establish the location of the elements 
of the connection between the hanger floor beam and bottom chord. 
Figure 1.3 shows that the centers of gravity of the three members do 
not coincide.  It was decided to assume that the three members were 
connected at the center of gravity of the bottom chord.  Hence the 
location of the triangular plate had to be moved from its real 
position.  This resulted in a lowering of the intersection between 
the hanger and the triangular plate (point B in Figure 1.3), thus 
providing less restraint to the hanger.  To account for this diver- 
gence between the physical and analytical model, an analysis was also 
made using a larger triangular plate.  No major difference was 
observed in the stress resultants due to this change. 
The loading condition consisted of two vertical unit loads 
concentrated at the rail to floor beam connection which resulted 
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in an equivalent load which consisted of two unit loads and two 
moments concentrated at the floor beam to stringer connection. 
In this model the floor beam to truss connection was assumed 
rigid (continuous) as were the stringer-to-floor beam connections. 
Actually the stringer behavior can be expected to be bounded by 
simple and continuous beams. 
In order to bound the real behavior of the structure, four 
sub-models having different floor beam to hanger and stringer to 
floor beam connections were analyzed.  They were: 
MODEL 3A:  The floor beam to hanger connections were assumed 
rigid and a triangular plate element was used to 
resist the bending moment.  The stringer-to-floor 
beam connections were assumed rigid. 
MODEL 3B:  Same as model A but with hinged connection between 
floor beams and stringers. 
MODEL 3C:  Floor beams to hanger connections were rigid, but 
the triangular plates were assumed to be loose. 
No differential rotation was allowed between the 
stringers and floor beams. 
MODEL 3D:  Same as model C with hinged connection between floor 
beams and stringers. 
The influence of the bracing system added in 1962 was also 
studied by removing those elements and computing the difference in 
stresses that resulted from that retrofit condition. 
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(4) THREE-DIMENSIONAL MODEL WITH RAILS ACTING COMPOSITE WITH STRINGERS 
This model provided a better idealization of the actual behavior 
of the stringers.  It was observed in the field that the connection 
between the ties and the rail and between the stringers and the 
ties was not loose.  This model simulated this condition. 
The stringer to floor beam connection was considered rigid. 
The spring connecting the rail to the stringer (see Figure 1.4) 
was considered of infinite stiffness and fully effective.  The section 
properties for the composite section are assumed to be the new proper- 
ties of the stringers. 
The loading conditions were the same used in the previous model. 
(5) THREE DIMENSIONAL MODEL WITH TIES 
A new mesh, shown in Figure 4.3, had to be generated in order 
to take into account the ties.  Symmetry was considered in this case 
since the number of nodes increased significantly.  It was also 
decided not to include the bracing system in this analysis since 
its influence on the stress resultants had proved to be negligible. 
Adding the bracing system would have resulted in a large bandwidth 
(therefore high number of record blocks) which would have resulted 
in prohibitive computing costs. 
The stringer to floor beam connection was assumed rigid and the 
section properties of the stringers were those defined in model 4. 
The loading conditions were the same used in model 4. 
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4.2  Pony Trusses:  Summary of Previous Studies 
During the 1960's several studies were carried out on pony 
trusses in order to investigate the behavior of this type of 
structure.  Of major concern was the distribution of stresses along 
the top chord and the influence of the floor system. 
The top chord of a pony truss is a compression member which is 
restrained against lateral movement at the panel points by an elastic 
transverse frame made up of the truss web members, the floor beams, 
and their connections.  The chord may buckle laterally over several 
panels, as well as between two panel points  carrying with it the 
ends of the web members to which it is connected.  A good approxi- 
mation of the behavior of the pony truss top chord can be made by 
analyzing it as a continuous beam on elastic support<'1') 
Among the various secondary effects which made the analysis 
more complicated, is the participation of the floor system which 
reduces stresses in the bottom chord and also reduces the effective 
depth of the truss thus increasing the top chord stresses. 
E. G. Holt    developed one analytical model for determing 
the buckling load of top chords of single-span pony truss bridges. 
His studies led to the development of an "effective length factor" to 
evaluate buckling of the top chord.  His experimental results were 
compared with buckling models developed byEngesser, Bleich and 
Timoshenko. 
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The effect of floor systems, ignored in Holt's studies, is 
(4) 
taken into account by R. M. Barnoff    who conducted an experimental 
and theoretical analysis which indicated an increase of 2% or 3% 
in the chord stresses under normal working loads, due to the effect 
of floor system participation. 
(9) Csagoly   has recently developed a method for investigating 
the lateral stability of pony truss bridges.  The method is an 
iterative one which takes into account the secondary stresses caused 
by change in geometry of the structure due to loading.  It is, mainly 
an extension of the concepts of a beam column elastically supported 
at panel joint, which was introduced by Bleich     in 1928. 
4.3  Summary of Analytical Results 
(1) PLANE TRUSS MODEL.  The simple truss model yielded axial forces 
in all members.  Figure 4.4 shows the influence lines for axial force 
in the most critical members due to a unit train axle load moving on 
the track.  The stresses obtained in these members by loading the 
influence lines with the train described in Figure 2.6 are shown in 
Col. 2 of Table 6. 
(2) PLANE FRAME MODEL.  This model yielded axial forces and bending 
moments (in the plane of the frame).  Figure 4.5a shows the influence 
lines for axial forces in the truss members.  The stresses induced by 
the moments were negligible.  The stresses developed in the members 
are given in Col. 3 of Table 6. 
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(3)  THREE DIMENSIONAL MODEL "A".  The three dimensional model (space 
frame model) closely approximates the continuity conditions in the 
actual bridge span.  The model yielded axial forces as well as bending 
moments in the hangers when the joints 
previously described, four different sub-models were analyzed in 
order to bound the real behavior of the bridge. 
The influence lines are given in Figures 4.6A, B, C.  As can be 
seen, the difference between top U.U, and bottom chord L L 
'
r
 4 4 4 4 
influence lines are not significant.  This is in good accord with 
Barnoff's study.  The influence of floor system participation in 
increasing top chord stresses was small.  The stresses obtained in 
the truss members and in the floor system are shown in Col. 4 of 
Table 6. 
The influence lines of axial force in the truss -members do not 
differ significantly from those obtained with the two-dimensional 
models. 
The influence of the stringer to floor beam connection and 
floor beam to hanger connections did not significantly influence the 
truss members.  Only the floor system appears sensitive.  When a 
hinged connection is assumed between the floor beams and the stringers, 
the stresses in the stringers and floor beams were maximum with no 
redistribution outside the panel. 
The triangular plates increased restraint at the floor-beam- 
hanger connection. 
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Table 7 shows the stresses in the floor system computed by the 
different sub-models. Figures 4.9a and B show the deformed shape and the 
bending moments that are developed in the floor beams and hangers. 
Considerable  out-of-plane  displacements of the top chord can be 
observed due to the bending of the floor beams. 
(A)  THREE DIMENSIONAL MODEL WITH RAILS ACTING COMPOSITE WITH THE 
STRINGERS.  Figure 4.7a shows the influence lines of this 
model while the stresses in the members are given in Table 6. 
(5)  THREE DIMENSIONAL MODEL WITH TIES.  Influence lines computed 
by this model are summarized in Figure 4.8a.  The stresses 
corresponding to the test train are given in Table 6. 
The boundary conditions for all the models were:  a roller on 
the left side and a pinned end on the right side.  To provide for 
friction which inevitably exists in the roller giving more restraint 
to the structure, a pinned-pinned condition was also examined for all 
the models. 
The bracing system added in 1962 proved to be negligible and 
had no major effect on the stress resultants. 
4.4  Comparison between Different (Three Dimensional) Models 
The stresses in the truss members were not significantly affected 
by changes in models 3A, 3B, 3C and 3D.  This confirmed that the 
restraint of the stringer floor beam connection and the presence of 
the triangular plates connecting the floor beams to the hanger did not 
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influence the overall behavior of the truss. 
Models 3A and 3C yielded about the same stresses in the floor 
system as well as in the truss members.  Models 3B and 3D, which 
represent simple beam conditions for the stringers, also yielded the 
same results.  The reason why the plate had no effect on the moment 
in the floor beams can be seen by examining the deformation of the 
cross section shown in Figure 4.9. Since the top chord has no 
restraint against out-of-plane movement, and the inertia of the top 
chord members in the minor axis bending is very low, the plates 
can only provide a rigid connection between the hangers and the floor 
beam, but they can't avoid the rotation of the whole connection.  The 
plates will decrease the local stress introduced into the floor- 
beam-hanger connection. 
Table 7 shows that the model which best simulated the floor 
system was model B.  This model was therefore used to compare the 
computed stresses with the measured ones. 
4.5  Program LODPLO 
A computer program was developed in order to load the influ- 
ence lines with the train used in the tests.  This program gave 
the maximum stress in a member as well as the stress versus time 
diagram at a given location due to the passage of the train.  These 
diagrams allowed a comparison of the mathematical model response to 
the recorded strain data.  The scale factor built into the program 
reduces the length and the height of the diagrams to those obtained 
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by the analog trace.  The results are given in Chapter 5, 
-24- 
5.  COMPARISON BETWEEN FIELD TEST AND MATHEMATICAL MODEL 
Tables 5,6 summarize the predicted liveload stresses and the 
measured stress ranges in several bridge members. 
Both the maximum measured stresses and the root mean square 
stress for the eleven test runs are summarized in Tables 5,6 for the 
gages placed on hangers, chords, floor beam, stringer. 
(1)  PLANE TRUSS MODEL 
The results of the analytical study are summarized in column 1 
of table 6.  The computed axial force was converted to average stress 
using the gross section of the appropriate member. 
This model provided the highest stresses in all members except 
bottom chord member L„L„, thus providing an upper bound value for 
axial stresses.  All calculated stresses were higher than the measured 
stresses.  The predicted stresses were about 23% greater than the 
measured stresses ignoring any dynamic effects. 
When a roller and a fixed end were used as boundary conditions, 
the bottom chord stresses were overestimated by 56%.  When both ends 
were fixed against longitudinal displacements, the bottom chord stress- 
es were underestimated by 61%. 
It can be seen from the table that the support boundary conditions 
only affected the bottom chord stresses.  No change was observed in 
all the other members.   This behavior was common to all models studied. 
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The greatest deviation was observed in the hanger U L which 
was overestimated by 64%. 
(2) PLANE FRAME MODEL 
The axial stresses predicted from this model were nearly 
identical to those computed with plane truss.  Hence about the same 
deviations were observed between the predicted and measured stresses 
as discussed in section 5.1. 
(3) THREE-DIMENSIONAL MODELS 
The model referred to in Column 3 of Table 6 is sub-model B. 
Table 7 shows that the model which best fits the measured floor system 
stresses is sub-model B.  This suggests that according with Lewitt 
(19) 
and Chesson    , the stringers behave as simple beams.  The compari- 
son in the various members are as follows: 
(a)  BOTTOM CHORD - 
With the fixed-roller boundary condition the stresses were 
overestimated by 46%.  The fixed-fixed boundary condition under- 
estimated the stresses by 65%.  This comparison of the predicted 
bottom chord stresses with the measured test train values suggests 
that some fixity of the support existed.  The measured bottom chord 
stresses were bounded by the two extreme models of the support 
conditions.  This discrepancy was not of major concern since the 
bottom chord members only experienced one stress cycle at each passage 
of the train (see Fig. 2.5).  The low magnitude of stress range and 
its only occurrence one time during passage of a train indicates that 
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no fatigue problems should ever develop in the bottom chord since 
even the fixed-roller condition results in a stress range below the 
fatigue limit. 
TOP CHORD 
Model 4 and 5 underestimated the stresses by 0.6%.  While model 
3 overestimated the stresses by 0.6%.  This agreement indicates that 
either model provides a satisfactory prediction of the top chord 
stress.  The predicted values are all in good agreement with the 
measured stresses shown in Table 6. 
DIAGONALS 
Model 3 overestimated the stresses in U L by 8% and in U9L_ by 
11.4%.  Model 4 and 5 underestimated the stresses in U-,L„ by 1.8% 
and overestimated U L  stresses by 8.3%. 
It will be discussed in section 5 why the diagonals are not 
usually the most critical members. 
HANGERS 
All models overestimated the stresses in the hangers (see 
Table 6). 
The gage was placed on the interior side of the hanger in 
which the bending moment causes tension.  The difference between 
the measured and computed stresses on this side was about 20%.  The 
value given in the table is the maximum stress which will be 
experienced by the other side of the hanger. 
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It is also believed that the gage was installed in a region 
influenced by the bracket plate.  However this is not a fatigue 
critical member since it is subjected to cyclic compression. 
Hanger U ,L1 was not gaged.  Considerations on its fatigue life 
are given in paragraph 6. 
FLOOR BEAMS 
The measured floor beam stresses were overestimated by model 
3B and 3D by avout 2.8%. Sub-models 3A and 3C underestimated the 
floor beam stresses by 13%. 
The floor beam end stringer stresses were in best agreement with 
the measured stresses when the stringers were assumed to be simply 
supported members.  Models 4 and 5 which assumed the stringers-to- 
floor beams connections to be continuous, underestimated the stresses 
by 20 and 42%, respectively. 
STRINGERS 
Model 3B which gives the same results of a simple beam analysis 
for each stringer, underestimated the stresses by 11%. 
The other models had higher discrepancy (up to 65%).  It has been 
observed that this type of connection behaves closely to simple beam 
condition.  It should be noted from the analog trace (Figure 2.5) 
that there was some degree of restraint in the stringers.  Since no 
allowance was provided for impact, it is believed that the real 
behavior has some restraint.  Therefore the impact should be about 
15%.  The value of impact suggested by Area Specifications which is 
usually very conservative : 
„  100 . ,.   3L2 imp. % = — h 40 - S        1600 
where S is the truss spacing and L the stringer span length, gives 
a value of 45.6%. 
5.4  Conclusions 
The results of this study has indicated that the bridge structure 
was best modeled as a three dimensional structure with relatively 
little fixity in the floor beam stringer connections.  The forces 
in the chords diagonals and verticals were found to be in good 
agreement with the measured response when the 3D structural model 
was used. 
The floorbeams and stringers are the structural members most 
susceptible to impact forces.  The differences between the 
predicted and measured strains indicated that the stringers were 
best modeled as simply supported components.  The floor system 
would be most susceptible to impact.  The differences observed 
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indicated a dynamic factor of about 10% or 15% would provide 
agreement for the simply supported systems (stringers).  Another 
value of impact was observed for the floor beams. 
When continuous stringers were assumed the variation between 
the predicted and measured stresses approached 45%.  As can be seen 
in Fig. 2.5 the measured strain response did not seem to indicate 
such a large dynamic increment. 
-30- 
6.  ESTIMATED CUMULATIVE FATIGUE DAMAGE 
6.1  Review of Basic Fracture Mechanics Concepts 
6.1.1  Fracture Mechanics Approach to Fatigue 
Fracture mechanics was initially used in aerospace and initiat- 
ing applications to analyze failures of rockets, airplanes, and ships 
and other structures after catastrophic failures proved to be due to 
small fatigue cracks existing in the structures. 
Although brittle fractures had occurred in many types of struc- 
tures, fracture mechanics was not considered a design tool until the 
failure of Point Pleasant Bridge at Point Pleasant, West Virginia on 
December 15, 1967, which resulted in the loss of 46 lives. 
In spite of advances in materials, design, and fabrication in 
steel industry, several steel bridges have experienced structural 
failure after the Point Pleasant Bridge failure. 
Every structure contains discontinuities where size and distribu- 
tion are dependent upon the material and its processing.  These dis- 
continuities can grow and enlarge under cyclic loads and eventually 
reach a critical size. 
The three major factors that control brittle fracture can be 
related by the equation: 
K = a /rHa (6.1) 
which is valid for an infinite plate in uniform tension with a crack 
of length 2a  (MODE I). 
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In this equation K is the stress intensity factor, 2a is the flaw 
size, and 0 is the applied stress.  When the stress intensity factor 
at the crack tip reaches a critical value of material toughness depen- 
dent on temperature and strain rate, unstable fracture occurs, which 
may result in complete failure of the member. 
The critical stress intensity factor K , represents the terminal 
condition in the life of a structural component. The total useful 
oife of the component is determined by the time necessary to initiate 
and propagate a crack from the initial crack dimensions to the criti- 
cal size a . Crack initiation and crack propagation may be caused by 
c 
re     ■        %(23a) cyclic stress (fatigue) 
6.1.2 Fatigue Life Estimates 
da 
The fatigue crack propagation or crack growth rate, -j— is usually 
related to the variation of stress intensity factor AK by the empiri- 
(22) 
cal Paris Power law 
^ = GAKn (6.2) 
where C and n are material constants for the steels, n can be taken as 
about 3 for most structural steels, and C is equal to 2 x 10"  for a 
mean value and 3.6 x 10~ ° for an upper bound fit to available crack 
growth data. 
For simple through thickness cracks: 
AK = A a (TTa)1/2 (6.3) 
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and fatigue life is mainly affected by the stress range and the 
initial flaw size.  Stress range means that only live load stresses 
need to be taken into account. 
Equation 6.2 can be integrated: 
/ 
Nf af 
dN = ■/ 
da 
CAKn 
N. 
l 
a. 
1 
(6.4) 
Usually, AK is a function of crack size and is difficult to inte- 
grate directly. Therefore, numerically integration must often be per- 
formed. For the case of an infinite plate subject to uniform tension, 
Eq. 6.3 holds.  In this case, integration of Eq. 6.A leads to: 
AN = —^r- 1 (6.5) 
CAa3 TT3/2 V /IT 7T   ' 
i    r 
It should be noted that Eq. 6.5 represents the fatigue curves 
given in the Bridge Fatigue Guide which satisfies the relation: 
AN = C S ~3 (6.6) 
r 
and have been shown to fit full scale tests well   ' 
Equation 6.5 also shows that when a  >> a., the initial crack 
length is the dominant factor in fatigue life. 
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6.1.3 Variable Amplitude Load Spectrum 
The testing which resulted in the curves given in the Bridge 
Fatigue Guide, were developed from constant amplitude applied loads. 
(25) 
Extensive test results, by Schilling, et al.,    showed that vari- 
able amplitude loading with a random sequence stress spectrum, simu- 
lating actual bridges, can be conveniently represented by a single 
constant amplitude effective stress range that would result in the 
same fatigue life as the variable amplitude stress range spectrum. 
The effective stress range is defined by: 
1/B 
S
r£ Y. S
B
. 1 ri (6.7) 
in which S . in the i   stress range and y.   in the frequency of occur- 
(25) 
rence of the stress range    .  If B is taken as 2, S . is equal to 
the root mean square (R M S) of the stress ranges in the spectrum. 
If B is taken as the reciprocal of the slope of the constant-amplitude 
SN curve, the equation is equivalent to Miner's law: 
2 IT -1 (6-8) 
l 
The test conducted by Schilling,et al. showed that both the RMS 
and Miner's effective stress ranges satisfactorily represented the 
variable amplitude spectrum.  The RMS method provided a slightly 
better fit to the test data, and Miner's law was slightly more con- 
servative. 
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In this study, both stress ranges were computed, but the 
S /.._„_,_N was used to estimate life, since it was more conservative, r(MINER) 
6.1.4  Stress Intensity Factor Estimates 
For most general conditions, K may be expressed as a central 
through crack in an infinite plate under uniform stress modified by 
(1) several correction factors 
K = F  . F  . F  . F  .0 (TTa)1/2 (6.9) 
e   s   w   g 
The correction factors modify K for the idealized case to account for 
effects of crack shape F , free surface F , finite width F , and non- 
e s w 
uniform stress acting on the crack F . 
To evaluate fracture instability, the total sum of stresses due 
to residual stresses, dead load and live load must be considered.  For 
cyclic fatigue, loading only the variation of stresses due to live 
load have to be considered ACT ,0  or Ao.„,,„„, „. RMS      MINER S 
When an exact solution of the stress intensity field for the 
particular geometry and loading condition is not available, Eq. 6.9 
has to be used.  Analytical closed form solutions are also available 
i  n •       (26,27,31) .       .   _,, , r.      ,    ,    ,. in the literature for certain well defined crack conditions. 
A free surface correction factor of: 
F  = 1.211 - 0.186  £ (6.10) 
s b 
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is employed here on edge crack in semiinfinite plate subjected to 
uniform stress. 
For a central crack in a plate of finite width, the function 
F  =   Sec ^J (6.11) 
w        2b 
a (17B^ has an accuracy of 0.3 percent for an -r  ratio less than 0.7 
Integral transformation of a three-dimensional elliptical crack 
shape has resulted in the elliptical correction factor F .  For the 
point on the ellipse of maximum stress intensity, its value is     : 
*e-lk (6-12) 
where E(k) is the complete integral of the second kind: 
77/2 
2 
a_ 
2 
E(k) = J [1 - (1 - $-.  sin2 0)] d6 (6.13) 
where — is the minor to major axis semidiameter ratio    .  This 
integral is often referred to as the shape factor $. 
Expression for stress gradient correction factor F can be very 
o 
complex.  There are two methods of estimating this function.  The 
first procedure, which was suggested by Albrecht   , requires the 
determination of the stress field in the uncracked structure either 
by a stress analysis if possible, or using a finite element solution 
for more complicated cases.  The resulting stresses are then removed 
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from the crack surface by integration as a Green function.  The 
second procedure which is conceptually easier, requires the use of a 
specialized finite element program, in which special elements, having 
the crack singularity built in, are provided. 
6.1.5  Stress Intensity factors for Riveted Structures 
All  riveted structures contain stress concentrations due to the 
rivet holes.  The majority of service cracks nucleate in the area of 
stress concentration at the edge of a hole.  For the application of 
fracture mechanics principles to cracks emanating from holes, know- 
ledge of stress intensity factor is a prerequisite. 
( f.Tl\ 
By using a technique of conformal mapping, Bowie    developed a 
K solution for radial through cracks emanating from unloaded open 
holes.  The stress intensity factor is given by: 
K = a /iFa f (!) (6-14) 
where the crack length is measured from the edge of the hole, and D is 
the hole diameter.  The function  f (—I is given in tabular or graphi- 
-,   f       (6C) cal form 
(18) 
Kobayashi    , developed estimates of the stress intensity factor 
at holes using the Green's function procedure.  The resulting expres- 
sion for the stress intensity is given by: 
-37- 
K = a Aa 1 + 2TT 
4    2 2    4 
aR (-20R + 9a R - 4a ) 
3 
(R - a ) 
+ 
3   4    2 2    4 
R  (iR + 5a R + 2a ) 
/ „2   2 ,2   2 ' / R - a  (R - a ) 
IT .-la 
— - sin — 
2        R 
(6.15) 
This expression is valid for a < R and gives results within 10%. 
For the case where the crack is not small compared to the hole, 
the effective crack size is then equal to the physical crack plus the 
diameter of the hole.  The stress intensity factor for the asymmetric 
case with 2 a rr = D + a will be: ef f 
K = c /TT aef f = a  /FT ( £ + \  ) 
1/2 
(6.16) 
Expressions 6.14, 6.15 and 6.16 apply for through thickness 
cracks.  Often, fatigue cracks develop, as either corner cracks or 
semielliptical shaped cracks in the hole.  For the corner crack, the 
shape factor    has to be taken  into account.  In Ref. 18, 
Kobayashi gives an approximate solution to this problem as well as 
to the crack emanating from a circular hole loaded with a concen- 
trated load.  Kobayashi in Ref. 18 also provides an approximate solu- 
tion for cracks emanating from a circular hole loaded with a con- 
centrated load. 
Hsu      took into account the clamping force as well as other 
effects.  He conducted an analytical and experimental investigation in 
order to characterize the fracture and cyclic growth behavior of 
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cracks emanating from various types of fastener holes.  He examined 
tolerance, inteference-fit, and cold-worked fastener holes.  He 
developed analytical inelastic estimates of stress intensity factors 
for through cracks and approximate stress intensity factors for 
quarter-elliptical cracks emanating from a corner.  Experimental 
crack growth rates for holes, with residual strains (cold-worked or 
interference-fit fasteners) were significantly  lower than for 
straight reamed holes without any conditioning, especially for small 
initial cracks.  This benefit decayed as the crack length increased. 
Hsu also indicated the possibility that the beneficial residual 
compressive strains induced by the cold-working operations were 
relaxed during the subsequent applications of cyclic loads. 
These mathematical models of crack growth can be used together 
with test data on riveted structural joints in order to characterize 
the fatigue and fracture behavior of riveted structures. 
6.2  Fatigue Life of Riveted Joints 
The present AREA Manual for Railway Engineering requires that 
riveted connections that are subjected to fatigue or repeated loadings 
must meet the requirements of Category D of Articles 1.3.13 and 2.3.1 
if the engineer can verify that the rivets are tight and have 
developed a normal level of clamping force, Category C may be used to 
estimate the fatigue resistance. 
Since Category D seemed conservative, a study has been carried 
out by Marcotte    on the available riveted joint test data. 
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The conclusions of this study are: 
1. Members with riveted connections subjected to zero-to- 
tension or half tension-to-tension load cycles shall meet 
the requirements of Category C, except as noted below. 
2. Members with riveted connections subjected to zero-to- 
tension or half tension-to-tension load cycles and with 
severly reduced levels of clamping force hole meet the 
requirements of Category D. 
3. Members with riveted connections subjected to full several 
load cycles shall, in all cases, meet the requirements of 
Category D.  The effective stress range shall be taken as 
the tensile portion of the stress cycle. 
It should be noted that the above recommendations are based on the 
assumption that the allowable bearing ratio is low which is usually 
the case for older bridge structures. 
6.3  Predicted Stress Range from Train Traffic 
Program LODPLO was used in order to obtain the computed time 
response at all the gage locations due to the passage of different 
cars.  Figures Al to A6 (see Appendix A) show  the strain- time 
relationship for bottom chord members L,L  L„L,, L?L  top chord 
member U,U , diagonals U L„ and U„L , hangers U L , U.L„; the floor 
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beams and stringers due to the test train.  They all correspond 
well with the experimental analog traces at the appropriate section. 
The program was also used to compute the stress ranges at various 
locations due to different cars and locomotives known to use the 
bridge structure. 
As can be seen from Fig. Al to A6 and from the analog traces, the 
only members which experienced more than one major stress cycle during 
passage of the test train were the hanger U L , the floor beams and 
the stringers.  The floor beams, the stringers and the diagonals are 
the most highly stressed members.  As a result of the frequency of 
loading and the magnitude of the stress range, they are the most 
critical members in the bridge structure for fatigue damage.  Fatigue 
failures have been observed in railway truss bridges, mainly in hanger 
members, although a few stringers have also experienced cracking. 
In this particular pony truss structure the hangers do not 
experience the high stress cycles that are experienced by the floor 
beams and stringers. 
Figures A7 to A39 show the time response of the hanger U.L , 
stringer, floor beam, and the diagonal U L due to the stress loco- 
motive series (220, 200 and 500) and the diesel engine 1800 followed 
by one oil car.  Also shown is the response due to cars and passenger 
cars.  As can be seen in Figs. A7, A9, All and A13, the hanger and the 
floor beams experienced two cycles during the passage of each steam 
locomotive and one cycle due to the passage of each car.  The 
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stringers (see Figs. A8, A12, A16) experience two cycles of stress 
range during the passage of each car and one cycle as a result of the 
passage of each axle of stress locomotives.  This can be attributed 
to the behavior of the stringers as simple beams. 
Figures A9, A13 show that the diagonal u\ L which is the highest 
stressed truss member, only experienced one major stress cycle during 
the passage of a train. 
The steam locomotive 500 caused the highest stresses (56.54 MPa) 
in the floor beams, while the empty oil tanker and passenger car only 
caused 8.34 MPa and 11.58 MPa in the floor beams. 
The Rainflow Counting Method (see Section 3.2) was used in order 
to assess the stress range cycles. 
Model 3B was used in all the computation of stress versus time 
response (three dimensional model with stringers or single beams) 
described in Section 4.1. 
The net section was used to evaluate the fatigue resistance of 
the riveted members.  In these bridge members the difference between 
the net and gross section stresses was small. 
In the computation, the net section of the hanger U L  and of the 
diagonal U L was used.  For the floor beam and the stringer the modi- 
fied section modulus was taken into account, and the stress at the 
rivet holes was used.  This resulted in no increment due to the lack 
of area at the rivet location.  The local effect of stress concentra- 
tion in proximity of the rivet should be taken into account if a 
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fracture mechanics model is used to compute the fatigue behavior of 
riveted structure in bending, since the modified section modlus 
doesn't reflect any local effect.  However, since no study seems to 
be available in this direction, the modified section modulus was used. 
Table 8 summarizes the stress cycles experienced by hanger U.L , 
the floor beams, the stringer and diagonal U„L as a result of passage 
of different cars.  Table 9, instead shows the stresses computed with 
the net section.  As it can be seen, only the first cycle is affected. 
The floor beams and stringers of each panel point behave like 
single beams (use influence lines in Fig. 4.7) and experienced the 
same stress cycles. 
Figures A23 to A39 shows that a consist of ten oil cars crossing 
the bridge caused one main cycle in diagonal U L„ equal to 35.85 MPa 
and ten minor cycles equal to 2.76 MPa.  Only the main cycle was 
taken into account, since the amplitude of the other stress cycles 
was negligible. 
6.4  Traffic Estimates Between 1905 and 2000 
A detailed survey of all the traffic crossing the bridge since 
1905 was not available.  However, from several meetings with Mr. H. 
M. Hassan, Senior Engineer of the Sudan Railways, the following gen- 
eral  information was acquired and used in the analysis: 
1.  Prior to 1960 all engines used on the system were steam 
locomotives.  Before 1935 engine type 220 and 200 were used 
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and after 1935, engine type 200 and 500.  It was assumed that 
before 1935, 60% of the locomotives were engine type 200 and 
after 1935, 70% of the engines were type 500. 
After 1960, all locomotives were diesel engine 1800-1819. 
2. Prior to 1960 the trains crossing the Kohr Mog Bridge con- 
sisted of 20 to 25 cars.  After 1960, the diesel engine 
pulled forty cars. 
3. Forty percent of the freight cars were assumed to be oil 
tankers.  These oil tank cars are full when they cross the 
bridge going to Khartoum, while they return empty.  The 
freight cars were always assumed to be full. 
4. Since the Kohr Mog Bridge is located on a hill,  two steam 
engines were used to pull the cars prior to 1960.  After hav- 
ing pulled the train across the bridge, one engine returned 
to Port Sudan.  This means that in one complete trip (Port 
Sudan - Khartoum - Port Sudan) two sets of cars crossed the 
bridge and four steam locomotives. 
5. The distribution of freight trains and passenger trains per 
month between 1905 and 1960 was assumed to be constant. 
From 1960 to 1980 the number of trains has increased in a 
linear manner.  By the year 2000 it is assumed that the total 
number of freight trains will double over the number crossing 
the bridge in 1980. 
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Figure 6.1 shows the assumed traffic distribution.  It should be 
noted that running 614 trains per month in the year 2000 means 22 
trains per day, which means an extremely high number of trains. 
All axle loads and spacings are summarized in Fig. 2.6. 
Table 10 shows the yearly number of cars which crossed the bridge 
before 1960, in 1980 and in 2000.  The total number of cars which 
crossed the bridge in 1960, 1981 and will cross in 2000 is given in 
Table 11. 
The total number of cycles, their magnitude and the histograms 
of the critical members were evaluated by taking into account the 
stress ranges caused by the passage of each car or locomotive crossing 
the structure. 
The cumulative fatigue damage estimated to occur by 1980 and 
2000, as well as the residual fatigue resistance is given on Table 12. 
Recomputation of the total number of cycles is recommended if 
the past and future traffic data is proved to be different from the 
one assumed herein. 
6.5  Estimated Histograms of Highest Stress Members 
A program was developed to use the procedure outlined in para- 
graph 6.3.  This program used as input the number of cycles and ranges 
due to each car given in  Fig. A7 to A37 and the total number of pas- 
sages of the cars in the year in which the fatigue damage had to be 
computed. 
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The output included the total number of cycles experienced by the 
section considered, the stress histogram, the root mean stress range 
S
r(RMS) and the Miner StreSS range Sr(MINER)- 
The stress histograms of the critical section are shown in Figs. 
6.2, 6.3, 6.4 and 6.5. 
Up to 1981 the S .„T>1T,T,. was estimated to be  17.44 MPa for the r (MINER) 
hanger, 19.24 MPa for the stringer, and 28.89 MPa for the floor beam. 
The total number of cycles experienced by the hanger was 5,768,000, by 
the stringer was 11,179,160, and 5,768,100 for the floor beam.  The 
stringers experienced almost twice as many stress cycles as the floor 
beams and hangers.  However, the value of S WTX1T,_ and S _..„ is only rMINER     rRMS 
19.31 MPa.  The diagonals have only experienced 444,150  cycles. 
By the year 2000, S .,,-,„_ and S _.,„ for the hanger, floor beams J
rMINER     rRMS ° 
and stringers changed very little.  The total number of cycles experi- 
enced by these members will about double if the conservative assump- 
tions are satisfied. 
Table 12 summarizes the S „.,_, S WXXTT,_, at the different loca- rRMS   rMINER 
tions and the total number of cycles in 1980 and 2000. 
6.6  Estimated Fatigue Damage 
Figures 6.6 to 6.9 show the stress distribution of the critical 
members plotted on the S-N curve of riveted structures.  It seems that 
if no stress cycle in the variable amplitude loading spectrum is 
higher than the endurance limit, then it can be assumed that the 
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(12) 
structure will have infinite life    .  The endurance limit for Cate- 
gory C is 68.95 MPa, while it is 48.27 MPa for Category D. 
It is apparent that no fatigue damage should develop in the 
hangers.  The floor beams, stringers and diagonal will not experience 
fatigue damage if Category C applies.  If the clamping force is not 
high, and Category D is used to assess the fatigue resistance, then 
the floor beam will exhibit fatigue cracks by the year 2100, the 
diagonal by the year 2025, and the stringers will have infinite life. 
Such crack formation should be easy to monitor and detect should it 
develop.  It should also be noted that fatigue cracking of one of the 
multiple component members will not result in collapse of the member. 
This should permit the inspection to detect any such cracks that form. 
It should be noted from the analog trace (Fig. 2.5) that the 
stringer didn't behave exactly as a simple beam, therefore experienced 
some reversal in the stress cycle. 
The residual fatigue life, after cracks were detected, could be 
estimated with a fracture mechanics approach. 
Charpy V-notch tests are currently being run at Fritz Engineer- 
ing Laboratory, while this report was in preparation. 
On the basis of the material properties, fracture toughness, 
service temperature of the bridge, and considering that residual 
stresses are low in this type of structure, brittle fracture is not 
likely to occur.  Fatigue cracking should be the only possible means 
of developing cracks. 
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The total number of cycles to failure can be computed by inte- 
grating formula (6.4), where AK, for through cracks smaller than the 
hole is given by Eq. 6.15.  If cracks are larger than the hole 
(25.4 mm) then formula 6.16 applies for the stress intenstiy factor 
of a through crack. 
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7.  CONCLUSIONS 
Several analytical models of the railway truss bridge at Port 
Sudan were studied.  The three dimensional finite element analysis of 
the bridge which assumed the stringer as simple beams provided the 
best agreement between the field test and the analytical models.  The 
stresses measured in the top chord and diagonals were within 9% of 
the predicted values.  The hanger stress was overestimated by 18%. 
The bottom chord was found to be bounded by the fixed-fixed bearing 
and the fixed-roller models.  The floor beam stresses were overesti- 
mated by 3%, and the stringer stresses were underestimated by 11% 
neglecting dynamic effects.  Hence, an impact factor of about 15% was 
assumed applicable to the stringers. 
The fatigue of vertical members proved to be the floor beams and 
the diagonal U,L_ if the worst condition is assumed at the riveted 
joints.  The first hanger, in the pony truss structure allows out-of- 
plane displacements of the top chord which minimizes bending stress 
and decreases the stress range. 
Estimation of the condition at the rivet holes is critical, since 
Category C connections will not experience crack growth and will have 
infinite life.  If Category D is applicable, the floor beams will 
start to experience cracking in 2100 and the diagonal in 2025 under 
the assumed stress spectrum. 
It is recommended to verify by test, the magnitude of dynamic 
response, the tightness of the rivets and the validity of the assump- 
tion in past and future traffic. 
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TABLE 1:  SECTION PROPERTIES 
Members 
U1U2 
AREA (cm2) 
216.13 
I  (cm") 
X 
x 102 
I  (cm") 
y 
x 102 
811.31 413.88 
Top Chords u2u3 264.52 875.89 502.57 
U3U4 282.26 922.06 528.10 
U4U4 282.26 922.06 528.10 
LoLi 174.19 607.07 211.01 
L1L2 
L2L3 
174.19 607.07 211.01 
Bottom 
Chords 174.19 607.07 211.01 
L3L4 245 .16 791.74 262.46 
L4L4 245.16 791.74 262.46 
Loui 179.65 243.30 83.13 
U1L2 106.45 82.41 0.14 
Diagonals U2L3 88.71 4 7.68 0.11 
U3L4 70.97 12.81 0.10 
U4L3 41.51 — — 
U4L4 41.51 — — 
U1L1 92.66 131.40 15.50 
Verticals U2L2 102.23 151.82 29.26 
U3L3 92.66 131.40 15.50 
U4L4 92.66 131.40 15.50 
14.83 1.13 0.77 
Bracing 12.45 0.97 0.66 
After 1960 20.97 1.50 1.50 
Floor 
Beams 266.19 2138.18 103.64 
Stringers 132.97 661.58 14.84 
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TABLE 2:  GAGE LOCATIONS AND IDENTIFICATIONS 
Channel Table No. 
1 Cl 
2 Cl 
3 C2 
4 C2 
5 C3 
6 C3 
7 C4 
8 C5 
9 C6 
10 C7 
Location 
Bottom Chord L L„ 
Bottom Chord L„L„ 
Bottom Chord L_L. 3 4 
Bottom Chord L~L, 3 4 
Bottom Chord L,L, 4 4 
Bottom Chord L.L. 4 4 
Vertical U„L 
Floor Beam-Top @ L, 
Stringer- Top @ L, 
Diagonal U^^ 
11 C8 Diagonal U„L„ 
12 
13 
14 
15 
16 
C9 
CIO 
Cll 
C12 
C13 
Floor Beam-Center @ L, 
Rail 
Stringer Center @ L.L_ 
Top Chord U,U, 
Bottom Chord L.L,    (on splice) 
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TABLE 3:  RECORD OF TEST TRAIN RUNS 
Date       Test No.        Velocity Direction 
2/2/81 1 15 kph South 
2/2/81 2 15 kph North 
2/2/81 3 15 kph South 
2/2/81 4 15 kph North 
2/2/81 5 15 kph South 
2/2/81 6 15 kph South 
2/2/81          7 15 kph North 
2/2/81          8 15 kph South 
2/2/81         9 15 kph North 
2/2/81 10 45 kph South 
2/2/81 11 45 kph North 
2/2/81 12         0 kph (static) Dead Weight 
2/2/81 13 15 kph Coach Train 
■52- 
TABLE 4:  SUMMARY OF MAXIMUM MEASURED STRESSES 
AT 15 kph AND 45 kph 
All Values in MPa 
15 kph      15 kph 45 kph      45 kph 
Maximum      R.M.S. Maximum      R.M.S. 
Between     Average Between     Average 
Member        9 Runs Between 9. Runs 2 Runs Between 2 Runs 
L2L3          26.32       21.72 21.17       20.89 
L_L. 27.03       24.68       25.86       27.03 3 4 
LAL4 18.82       17.03       17.65       17.03 
U.U. -36.41      -34.96      -34.06      -34.06 4 4 
UXL2 42.34       40.82       42.34.      42.34 
U2L3 33.37       31.03       30.55       29.99 
U2L2 -14.14      -13.31      -14.14      -12.20 
Floor Beam 
Center 
Floor Beam 
Top 
Stringer 
Center 
Stringer 
Top 
49.37 46.33 47.02 45.30 
18.75 46.33 47.02 45.30 
39.99 38.47 39.99 39.99 
8.96 7.79 8.21 7.65 
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TABLE 5:  COMPARISON OF MAXIMUM COMPUTED AND MEASURED STRESSES 
IN THE FLOOR SYSTEM 
Meai sured 
R.M.S. 
Model 5* Model 4 Model 3B Maximum Average 
Floor Beam 29.44 34.68 50.82 49.37 46.33 
Center (29.44) 
Floor Beam 8.21 13.93 13.99 18.75 15.45 
Top (8.23) 
Stringer 27.44 27.58 36.19 39.99 38.47 
Center (27.44) 
Stringer 9.31 10.34 9.65 8.96 7.79 
Top (9.31) 
* The values in parenthesis represent the fixed-fixed condition at the 
bearings 
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TABLE 6:  COMPARISON OF MAXIMUM COMPUTED AND MEASURED STRESSES 
IN TRUSS MEMBERS 
Two Dimensional ft 
Models        Three Dimensional Models       Measured 
Mem-   Plane   Plane R.M.S. 
ber   Truss   Frame   Model 3 Model 4 Model 5* Maximum Average 
L L 41.03 41.58 40.13 38.89 39.44 26.34 21.72 
(16.41) 
L~L,        39.37 39.03 37.65 36.20 37.03 27.03 24.68 
(14.14) 
L,L 41.92 41.37 40.41 37.10 39.16 18.82 17.03 
(8.41) 
U,U,     -37.44       -36.82 -36.61       -36.20       -36.20 -36.41       -34.96 
(-35.92) 
U L 47.71 45.99 42.96 41.44 41.58 42.34 40.82 
(40.89) 
U L 41.09 39.72 37.16 36.13 36.13 33.37 31.03 
(35.51) 
U„L       -23.72       -23.58 -27.00       -21.24       -21.24 -14.14** -13.31** 
(-20.82) 
*   The values in parenthesis represent the fixed-fixed condition 
at the bearings. 
**  N.B.  These stresses were measured on the side on which bending 
moment caused tension stresses. 
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TABLE 7:  COMPARISON OF STRESSES IN THE FLOOR SYSTEM 
BY DIFFERENT MODELS 
All Values in MPa 
Measured      Simple Beam       Continuous Beam 
Stresses 
Member MPa     Model 3B Model 3D  Model 3A Model 3C 
Floor Beam Center 49.37 50.82 51.00 44.06 44.50 
Floor Beam Top 18.75 15.26 15.60 14.03 14.03 
Stringer Center 39.99 36.19 36.19 19.94 20.00 
Stringer Top 8.96 9.65 9.65 6.00 6.02 
N.B.  The location of the gage on the top of the stringer and on the 
top of the floor beam was not exactly defined. 
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TABLE 8  STATIC STRESS CYCLES CAUSED BY THE PASSAGE OF ONE CAR* 
All Values in MPa 
Hanger 
uiLi 
22.41 
Floor Beam Stringer 
Car Type Center Center 
35.85 
Diagonal 
Diesel Engine 50.20 41.44 
1800 21.93 43.71 35.85 
22.20 48.27 21.38 42.96 
Steam Locomotive 1.31 2.34 21.72 
200 8.00 14.41 22.82 
12.48 
16.82 40.54 29.51 37.16 
Steam Locomotive 8.14 15.10 21.86 
220 7.86 
23.78 56.47 39.16 47.51 
1.01 1.66 8.07 
Steam Locomotive 11.92 21.24 7.72 
500 24.27 
12.14 
Freight Car 15.44 29.65 24.55 
3.93 
32.89 
16.13 30.61 27.58 35.58 
Oil Car Empty 11.10 
Oil Car Empty 4.41 8.34 7.52 
2.97 
9.65 
Passenger Car 5.31 11.58 10.00 
10.00 
9.38 
* No dynamic Effect Included 
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TABLE 9:  STATIC STRESS CYCLES AT RIVET HOLE (NET AREA) 
CAUSED BY THE PASSAGE OF ONE CAR* 
All Val .ues in MPa 
Hanger 
U1L1 
26.68 
Floor Beam Stringer 
Car Type Center Center 
35.85 
Diagonal 
Diesel Engine 50.20 49.30 
1800 21.93 43.71 35.85 
24.06 48.27 21.38 51.02 
Steam Locomotive 1.31 2.34 21.72 
8.00 14.41 22.82 
12.48 
20.00 40.54 29.51 44.20 
Steam Locomotive 8.14 15.10 i21.86 
7.86 
28.34 46.47 39.16 56.54 
1.01 1.66 8.07 
Steam Locomotive 11.97 21.24 7.72 
24.27 
12.14 
15.44 29.65 24.55 32.88 
Freight Car 
3.93 
16.13 30.61 27.58 35.58 
Oil Car Full 
11.10 
Oil Car Empty 4.41 8.34 7.52 
2.97 
9.65 
Passenger Car 5.31 11.58 10.00 
10.00 
9.38 
* No Dynamic Effect Included 
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TABLE 10:  ESTIMATED YEARLY NUMBER OF CARS AND 
LOCOMOTIVES WHICH CROSSED THE BRIDGE 
Oil Cars Full 
Oil Cars Empty- 
Freight Cars 
Passenger Cars 
Before 
1960 In 1980 In 2000 
9,000 27,000 54,000 
9,000 27,000 54,000 
27,000 81,000 162,000 
8,400 25,000 25,000 
Steam Locomotives      4,272 
Diesel Engine 4,000 7,400 
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TABLE 11:  ESTIMATED TOTAL NUMBER OF CARS AND 
LOCOMOTIVES WHICH CROSSED THE BRIDGE 
Oil Cars Full 495,000 855,000 1,665,000 
Oil Cars Empty 495,000 855,000 1,665,000 
Freight Cars 1,485,000 2,575,000 5,005,000 
Passenger Cars 462,000 796,000 1,296,000 
Steam Locomotives 
200 
Steam Locomotives 
220 
Steam Locomotives 
500 
7£,940        78,940 78,940 
51,260        51,260 51,260 
74,760        74,760 74,760 
Diesel Engine  61,400        175,100 
1800 
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TABLE 12:  ESTIMATED CUMULATIVE FATIGUE DAMAGE IN 1981 AND 2000 
All Values in MPa 
RMINER RRMS 
1981   2000    1981   2000 
Total Number of Cycles 
1981        2000 
Diagonal 
V1L2 46.27  46.20   44.54  44.44      441,150    800,200 
Hanger 
U1L1 
17.44 16.41 5,768,100 Infinite Life 
Floor Beam 
Center 28.89       28.96 26.96       27.24 5,768,000       10,544,800 
Stringer   19,2h       19.24   17.03  17.03  11,129,160 Center 
Infinite 
Life 
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Fig. 1.1 General view of the Kohr Mog bridge 
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1.22 2.63 3.32 
PHISICAL MODEL 
B (intersection with the 
bottom chord) 
three beam elements two isoparametric 
plate bending elements 
FINITE ELEMENT MODEL 
Fig. 1.3 Cross section of the bridge 
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Fig. 1.4 Stringer-Tie-Rail connection 
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HANGERS, FLOOR BEAMS, STRINGERS 
B 
BOTTOM CHORDS 
B 
Note: All Dimensions 
in inches 
1 inch = 25.4mm 
TOP CHORDS 
Hangers Floor Beams  Stringers  Bottom Cord  Top Cord 
a  4x3x3/8  5x3x3/8 6x4*2x3/4 
3/4 3/4 b llJ £|x3/8 11  x3/8 27 x 1/2 
4x3*2x7/16  3^x3*2x1/2 3*^x3*2x1/2 
72 x 3/8  14 x 7/16 14 x 7/16 
22 x 3/8 + 22x3/8 + 
(22x1/2) (15x1/2) 
Fig. 1.5  Built Up Sections Used in the Bridge 
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Fig. 2.1 View of gages on top chord and bottom chord members 
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Fig. 2.2 View of the gages on floor beam and diagonal 
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Fig.   2.3 Gage  installed  on  rail 
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Fig. 2.4 Instrumentation used 
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Fig, 2.5 Typical analog traces recorded during passage of train 
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Fig. 2. 6 Geometric properties of locomotives and cars 
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HANGER Ulll 
DIAGONAL U1L2 
FLOOR BEAM CENTER 
STRINGER CENTER 
Fig. 3.1 Response of critical members to passage of test train 
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Fig. 3.2 Stress cycle counting by rainflow method 
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